Purpose The purpose of this study was to investigate the chromosomal constitution and the developmental potential of intracytoplasmic sperm injection (ICSI) deriving embryos displaying a single pronucleus at the zygote stage. Methods Eighty-eight embryos from single pronucleus (1PN) t w o p o l a r b o d i e s ( 2 P B ) I C S I z y g o t e s f r o m 6 4 preimplantational genetic screening (PGS) cycles (October 2012-December 2014), were retrospectively analyzed. Zygotes were cultured in a time-lapse incubator. Embryo biopsy was performed on day 3 and genetic analysis approached by array comparative genomic hybridization. Results Chromosomal analysis revealed that 17% (15/88) of embryos derived from 1PN 2PB zygotes were diagnosed as euploid. After blastomere biopsy at day 3, the blastocyst rate at day 5 was 3.4% (3/88). Only 2.3% (2/88) euploid blastocysts were obtained. In two couples and after counseling and patient agreement, the transfer of a euploid blastocyst from a 1PN 2PB ICSI zygote was performed resulting in the birth of a healthy child.
Introduction
The most important goal of assisted reproduction techniques (ART) is the delivery of a healthy child. In the last years, two technologies, preimplantational genetic screening (PGS) with comprehensive chromosome screening (CCS) and time-lapse embryo monitoring, have been used to investigate parameters that could contribute to assess the implantation potential of embryos.
The application of PGS in embryos from ART cycles aims to improve the implantation rates (raising the birth rate and decreasing the miscarriage rate), avoiding the replacement of aneuploid embryos [1] [2] [3] . Furthermore, it has been reported that poor-prognosis patients (advanced maternal age, implantation failure, male factor, recurrent miscarriage) produce embryos with high aneuploidy rates and may especially benefit from this technology [3] [4] [5] . Moreover, the optimization of incubators, combining stable culture conditions and high-resolution timelapse image capturing, allows a continuous monitorized analysis of embryo development until the blastocyst stage. As it has been reported [6] [7] [8] [9] , the information obtained by these systems may help to select embryos with the highest implantation potential. PGS and time-lapse monitoring used in combination Electronic supplementary material The online version of this article (doi:10.1007/s10815-017-0937-z) contains supplementary material, which is available to authorized users.
can generate valuable information on the decision of transferring or discarding specific embryos, as both the chromosomal constitution and the dynamics of embryo development can be taken into account [10] .
In certain patients, the only embryos available arise from abnormal fertilization, abnormal cleavage and/or blastomere multinucleation. In these situations, there is a general consensus about discarding zygotes showing three pronuclei, and this decision is also adopted for most single pronucleus (1PN)-derived embryos. It has been reported that monopronucleated zygotes obtained from conventional IVF (cIVF) are mainly diploid [11, 12] and can be used for reproductive purposes. Embryos arising from 1PN intracytoplasmic sperm injection (ICSI) zygotes are not usually considered for transfer as there are concerns about their chromosomal constitution and are usually discarded. However, because in certain cases there are no other embryos available, new information would be valuable to help in the decision about transferring or discarding them.
Several articles investigating the possible origin of 1PN zygotes and reporting data about the chromosome constitution of the resulting embryos have been published [13] [14] [15] . These reports have shown that certain embryos originating from 1PN two polar bodies (2PB) zygotes could have a normal chromosomal content.
In this work, we have retrospectively analyzed by array comparative genomic hybridization (aCGH) the chromosomal constitution of embryos arising from 1PN 2PB ICSI zygotes obtained from patients submitted to PGS cycles. Although we are aware of the limitations of day 3 biopsy and the use of aCGH for embryo ploidy detection, we have considered that the information gained through the results could be of benefit for the discussion about the possible use of these embryos for reproductive purposes.
Material and methods
PGS cycles performed from October 2012 to December 2014 were retrospectively analyzed. During this period, 385 cycles were accomplished, and 64 cycles meet the criteria of the study: containing at least one embryo where a 1PN and 2PB at the zygote stage were observed, embryos being cultured in time-lapse incubator after ICSI, embryo biopsy done on day 3, and genetic analysis performed by aCGH.
From the 64 PGS cycles analyzed, the mean maternal age was 38.6 years (±3.9) and the PGS indications were as follows: recurrent miscarriage (20.3%), advanced maternal age (25%), male factor (23.4%), implantation failure (26.6%), and previous affected pregnancy (4.7%).
A total of 115 embryos from 1PN 2PB zygotes were recorded, and 88 of them fulfill the criteria for embryo biopsy on day 3 and constituted the study population.
Intracytoplasmic sperm injection was performed 40 h after HCG administration and zygotes were cultured in LifeGlobal total® media (LifeGlobal®) in an EmbryoScope® (Vitrolife) capturing images every 15 min in five focal planes. Continued sequential observation performed by dynamic monitoring allowed excluding sporadic cases of asynchronous 2PN formation or 2PN fusion. Monopronucleated zygotes without extrusion of the 2PB were also excluded from the study. Zygotes were cultured until day 3 when biopsy was performed. Embryos showing five or more blastomeres, and a maximum of 25% of cytoplasmic fragmentation, were biopsied. A single cell per embryo was biopsied. Blastomeres were analyzed by aCGH using 24 sure kit and fluorescent labeling system (Illumina®) according to manufacturer's protocols. After biopsy, embryos were placed in fresh LifeGlobal total® media (LifeGlobal®) and cultured until day 5 when transfer was performed.
During the period analyzed, the PGS policy of our center was to perform embryo biopsy on day 3 and to select for transfer the embryos reported to be euploid that reached the blastocyst stage on day 5.
The chromosomal status of embryos arising from 1PN 2PB ICSI zygotes was analyzed by aCGH and embryos were classified as euploid, aneuploid, or with non-conclusive results. In the group of aneuploid embryos, two subgroups were established according to the classification described by Johnson et al. [16] : simple aneuploidy (1-2 chromosome abnormalities) or complex aneuploidy (≥3 chromosome abnormalities). Embryos without diagnosis were classified into two subgroups depending on whether there has been DNA amplification but non-conclusive results were obtained or no DNA amplification was observed.
According to morphological analysis and developmental outcome on day 5, embryos were classified as blastocysts (early blastocysts, expanded and hatching blastocysts), morulae, and arrested or degenerated embryos.
Euploid embryos from 2PN 2PB zygotes were always first selected for transfer. Exceptionally, in two cycles from two different patients where no euploid embryos from 2PN zygotes were available, patients were informed about the possibility to transfer one embryo from 1PN 2PB ICSI zygote diagnosed as euploid. This option was extensively discussed with the couples, including the limitations of the diagnosis and the possible risks. Thus, after patient agreement, two single embryo transfers of euploid blastocysts derived from 1PN 2PB ICSI zygotes were performed.
Euploidy and blastocyst rate were calculated and the association between the chromosomal constitution and the developmental stage was analyzed using chi-square test. All tests were bilateral with a significance set to 0.05. The clinical outcome of the cases where embryos coming from 1PN 2PB ICSI zygotes were replaced were analyzed.
The project was approved by the institutional review board of the center.
Results
The mean number of inseminated oocytes in the 64 cycles studied was 14.14 (±4.16), with a mean number of 10 (±3.41) oocytes fertilized, and a mean number of biopsied embryos of 9.75 (±3.02).
The median time of second polar body appearance was 3.53 h post insemination (hpi) (range 1.43-5.13) and the median time of pronucleus appearance was 8 The relationship between the developmental stage, after blastomere biopsy, and the chromosomal constitution is detailed in Table 1 . Of the 15 embryos diagnosed as euploid, only 2 (13.3%) formed a blastocyst whereas none of the aneuploid embryos reached this stage. The majority of aneuploid embryos (69.8%; 37/53) arrested their development at early stages. Among embryos without diagnosis, one reached the blastocyst stage (5%; 1/20) and the remaining ones arrested at the morula stage (35%; 7/20) or at earlier stages (60%; 12/20). In total, only 2.3% (2/88) euploid blastocysts were obtained.
In two patients, all the embryos coming from 2PN zygotes were diagnosed as aneuploid. In one patient, 12 embryos were biopsied with 11 being aneuploid and the only one diagnosed as euploid came from 1PN 2PB ICSI zygote. The other patient had 9 embryos biopsied, with 8 being aneuploid and the remaining embryo, from 1PN 2PB ICSI zygote, diagnosed as euploid. In these two patients, and because no euploid embryos from 2PN 2PB zygotes were available, single embryo transfer of a blastocyst from a 1PN 2PB ICSI zygote diagnosed as euploid was performed on day 5 ( Figs. 1 and 2 ) (Video 1, Online Resource). One pregnancy was achieved resulting in the birth of a healthy child. No prenatal diagnosis was performed. The patient delivered at 40 weeks of gestation a healthy female of 3136 g and 47 cm. Child development has been followed up since birth and, at the moment of preparing this manuscript, the baby was 3 years old and no alterations were observed in her development according to ordinary pediatric check-up and parent's communication.
Discussion
The use of dynamic monitoring (time-lapse) during this study allowed a detailed observation of second polar body extrusion and pronuclear formation. Unlike previous studies, where traditional culture systems and observations at specific check points were used [13, 17, 18] , our approach unequivocally guarantees that all the zygotes included in the study displayed only a single pronucleus and had extruded the second polar body (Fig. 1) . Asynchronous pronuclear formation or pronuclear fusion, as causes for the appearance of a single PN, can be ruled out as PN formation was accurately ascertained through time-lapse imaging and were clearly established as exclusion criteria. No debris or fragments in the perivitelin space were present that could make the observation of PN formation difficult. The presence of 2PB was also clearly established to avoid the inclusion of diploid embryos resulting from the nonextrusion of the second polar body. Timings for second PB extrusion and PN appearance are similar to those observed in 2PN zygotes [19] . According to the images obtained, our hypothesis is that the origin of the monopronucleated zygotes could be due to either a parthenogenetic oocyte activation or to an abnormal formation of the nuclear envelope. This last could result from the assembly of the two genetic materials in a single PN or from the failure to organize a nuclear envelope around one of the parental genomes [20] . The results obtained after blastomere biopsy and aCGH analysis of embryos from 1PN ICSI zygotes reported 22.7% of undiagnosed embryos. This figure is higher than that in the 2PN embryos from our PGS program, which is around 10% (PGS program unpublished data), and is mainly due to the high number of DNA amplification failures in 1PN embryos (13.6%) in comparison to 2PN embryos (5.4%, PGS program unpublished data). We hypothesize that the high percentage of amplification failures observed can be due to DNA fragmentation or degeneration that occurs in embryos from 1PN ICSI zygotes prior to embryo development arrest. This explanation is in harmony with the observation of a high rate of embryo developmental arrest after day 3 in 1PN embryos (60.2%). Furthermore, it can also be presumed that the low ability of biopsied embryos from 1PN ICSI zygotes to reach the blastocyst stage can be attributed to the fact that some of them are probably haploid and, as has been previously described, haploid embryos derived from 1PN zygotes can be negatively selected during in vitro culture [21, 22] . Even so, it cannot be ruled out that biopsy on day 3 may negatively affect the development capability.
The euploidy rate observed in embryos from 1PN 2PB ICSI zygotes (17%) is lower than that reported in early publications (27.9 and 44.4% of diploid embryos) [17, 23] . The discrepancies could be due to differences between the method of pronuclear assessment (time-lapse vs punctual observations), different diagnostic techniques used (aCGH vs fluorescent in situ hybridization (FISH)) and patient population (PGS patients vs IVF patients).
In a previous report, using five-chromosome FISH analysis, no euploid embryos were found among embryos from 1PN 2PB ICSI zygotes [13] . The differences in the euploidy rate observed between the two studies could be attributed to the experimental designs. In Mateo et al. [13] , all embryos, irrespective of their developmental stage (arrested or blastocyst) and morphology, were included, and all the cells were analyzed. In the present study, only embryos that fulfill the criteria for embryo biopsy on day 3 (≥5 cells and ≤25% of fragmentation) were analyzed and arrested or fragmented embryos were not considered. As it has been described [24, 25] , a high percentage of cytoplasmic fragmentation or developmental arrest is associated with high levels of chromosome abnormalities. Furthermore, the higher euploidy rate observed in the present study compared with the previous one [13] , can be due to the underestimation of mosaicism, a common phenomenon in preimplantation embryos [23, 26, 27] .
As previously mentioned, it is important to point out that aCGH has inherent limitations for the detection of ploidy alterations [28] and this represents an important limitation of the results obtained. Thus, the euploidy rate reported in our study has to be taken with caution and further studies of 1PN ICSI deriving embryos should be encouraged.
Considering embryo development, biopsied embryos from 1PN 2PB ICSI zygotes showed a blastocyst rate at day 5 of 3.4% which is similar to rates previously reported [13, 29, 30] . However, this percentage is lower than in 2PN embryos also biopsied on day 3 (24.3%, PGS program unpublished data).The low blastocyst rate obtained could probably be due to the haploid status or other chromosomal or genetic abnormalities that hinder the development to the blastocyst stage in 1PN ICSI zygotes. This would be in accordance with the estimation of diploidy rate inferred from the 10.3% of male embryos observed. The expected balanced XY versus XX embryo rate makes it possible to infer that only around 20.6% of the embryos were diploid.
The clinical use of 1PN 2PB zygotes for transfer or cryopreservation is rare as it has been described that most of them are chromosomally abnormal [13, 15] . As a consequence, data about the implantation potential of embryos from 1PN 2PB zygotes are very scarce. Very few pregnancies and births have been reported after the transfer of embryos from 1PN 2PN zygotes obtained after cIVF [11, [29] [30] [31] . After ICSI, there is only one publication reporting a livebirth [18] . In all these publications, although accurate observations after insemination were made, time-lapse was not used. Asynchronous pronuclear formation, pronuclear fusion, or even an abnormal timing of PN appearance/fading, which cannot be detected at the usual check points, could not be completely excluded.
In this work, we report two single embryo transfers of euploid blastocysts from 1PN 2PB ICSI zygotes, assessed with time-lapse technology thus ensuring the status of the single pronucleated zygote, resulting in a livebirth of a healthy female in one of them.
Our results indicate that euploid embryos arising from 1PN 2PB ICSI zygotes could be considered for transfer when there are no euploid embryos from 2PN 2PB ICSI zygotes available. Nevertheless, we strongly recommend DNA fingerprinting analysis before the reproductive use of these embryos. Patients have to be widely informed and counseled and sign a specific informed consent form.
It has to be taken into account that the incidence of 1PN 2PB embryos is low (3.1% unpublished data), and as a consequence, a limited number of embryos from 1PN 2PB ICSI zygotes will be potentially usable. Furthermore, extending embryo culture until blastocyst stage would reduce the number of embryos to be analyzed. Moreover, the analysis of trophectoderm cells would allow better diagnosis approaches and avoid unnecessary day 3 biopsies of embryos that could have initiated a degenerative process [28, 32] .
In summary, when no euploid 2PN 2PB embryos are available and after appropriate patient counseling, we suggest that embryos coming from 1PN 2PB ICSI zygotes diagnosed as euploid and after DNA fingerprinting analyses, could be considered for reproductive purposes. Furthermore, in order to optimize the cost-benefit of our proposal, we suggest approaching PGS by trophectoderm biopsy.
Finally, we would like to emphasize that the aim of the present paper was not to encourage the transfer of 1PN 2PB ICSI-derived embryos as a general practice but to gain knowledge about their chromosomal constitution and give elements to promote the debate about the possible reproductive use of these embryos when no other ones are available.
chi-square test showed association between both variables (p = 0.012).
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